Background: Doppler velocity assessment is the most frequently used method in clinical practice to identify fetal well-being, as it is considered as a non-invasive estimation of the fetus and feto-placental circulation. The aim of the current study is to establish longitudinal reference ranges for MCA and UA Doppler velocities, systolic-todiastolic (S/D) ratio, resistive index (RI) and PI, and cerebroplacental ratio. The current study was a multicentric longitudinal study of 428 singleton pregnancies and 1284 observations. Doppler ultrasound, middle cerebral artery (MCA) and umbilical artery (UA) peaked velocities, and pulsatility index (PI) were evaluated three times throughout a single session over gestational age range of 13-40 weeks. Results: Based on 1284 observations, new longitudinal reference ranges for fetal middle cerebral peak systolic velocity (PSV), PI, RI, and S/D; reference ranges for umbilical artery PSV, PI, RI, and S/D; and reference ranges for cerebroplacental ratio PSV, PI, RI, and S/D were established. MCA PI, RI, PSV, and S/D curves are of parabolic pattern, and UA PI, RI, and S/D curves are decreased by age while UA PSV curve is of parabolic pattern; furthermore, cerebroplacental ratio (CPR) PI, RI, and S/D curves increased by age while CPR PSV curve decreased then increased by age. The reference ranges were at nearly variant from earlier studies and close to other studies. Conclusions: In the Doppler data combining both umbilical and cerebral velocimetry, MCA/UA ratio incorporates information not only on placental station but also on fetal response; it is possibly more beneficial in anticipating perinatal outcome.
Background
Calculation of the blood flow to the fetal brain has developed as an indispensable part of the assessment of high-risk pregnancies. Recent studies on the role of CPR Doppler demonstrated a strong association with lower gestational age (GA) at delivery, lower birth weight (BW) and 5-min Apgar score, and higher incidence of small for gestational age (SGA) along with an increased frequency of need for neonatal intensive care unit (NICU) [1] [2] [3] .
The fetal cerebral blood flow evaluation has become an essential part of the assessment of high-risk pregnancies. The middle cerebral artery (MCA) Doppler findings are incorporated regularly into the management of fetuses at risk of developing placental insufficiency and fetal anemia [4] . It has been a routine practice to use UA pulsatility index (PI) and MCA PI to distinguish between constitutionally small babies and growth-restricted ones, and it has been found to be supportive in deciding the best time, place, and mode of delivery [5] .
Middle cerebral artery (MCA) is an honest mirror for fetal cardiovascular adoptions to hypoxia or blood flow readjustment [6] . Hence, diminished PI has been considered a compensatory action to secure the fetal brain in the setting of intrauterine growth restriction (IUGR) [7] . Abnormal CPR was related to lower birth weight (BW) [8] .
The association between abnormal MCA blood flow velocity and fetal compromise has been previously demonstrated using peak systolic velocity [9] .
It is believed that the cerebroplacental ratio (CPR) measures the cardiac output redistribution from representative cerebral and feto-placental vessels and is evolving as a serious criterion in the evaluation of fetal wellbeing in fetal growth retardation [4, 10] .
These findings indicate that there is a mutual relation between the hemoglobin concentration and the velocity of cerebral blood flow [11] .
There is evidence from the previous studies that the Doppler parameters differ with race and ethnicity [12] [13] [14] .
It is therefore recommended that the data from regional population should be available to be used as reference in clinical practice. The purpose of this study was therefore to establish longitudinal reference ranges for MCA and UA Doppler velocities, S/D ratio, RI and PI, and the cerebroplacental ratio, and to offer standards for calculating confident reference intervals appropriate for discrete sequential measurements in normal Egyptian gestation.
Methods
This current study was a longitudinal multicentric study of 428 singleton pregnancies (1284 observations). The patients were informed of the examination and gave a verbal informed consent to perform the examination.
Doppler ultrasound, umbilical artery (UA) and middle cerebral artery (MCA) flow velocities, and pulsatility index (PI) were observed three times throughout a single The study population of 428 women (1284 observations) "as each artery examined at least 3 times" was recruited from the normal pregnancy population to a prospective analytic study of the cerebral and umbilical arterial circulation. Gestational age was assessed by ultrasound head biometry (BPD and HC), AC, and FL. The results of the MCA, UA, and cerebroplacental ratio were presented in that study. The current study was approved by the institutional ethical committee.
The assortment of patients to that study was created on predefined criteria.
Inclusion criteria
Pregnant females who met the following criteria were involved in this study: normal pregnancy, exact gestational age based on the last menstruation date adapted with ultrasound parameters, gestational age between 13 and 40 weeks, normal fetal growth (between 10th and 90th percentiles of the growth chart), and normal Doppler pattern of MCA and UA arteries ( Table 1) .
Exclusion criteria
The exclusion criteria were as follows: multiple pregnancies, fetal abnormalities, history of hypertension, diabetes mellitus, oligohydramnios (amniotic fluid index <5), biophysical profile <6, autoimmune conditions, preeclampsia, abnormal vaginal bleeding, hydrops fetalis and consumption of hormonal contraceptive agents, IUGR, large for gestational age, and presence of any general chronic disease. None of the fetuses was at risk of developing anemia.
Technique
Each woman was examined with three measurements per session. Fetal weight, FHR, placental grade and thickness, and maternal age were noted. Doppler ultrasound measurements were recorded using a 2-5 MHz transabdominal transducer (Philips HD9, Philips HD11, GE LOGIC P3, and GE LOGIC P5). The filter was set to 70 Hz. The MCA was imaged using color mapping in an axial view of the brain. The Doppler beam was focused along the MCA, and the sample size (median, 3 mm; mean, 3.5 mm; range, 1-7 mm) was placed where the MCA arises from the circle of Willis.
Once the MCA in the close field could not be depicted, the MCA of the contralateral side was used. The recordings were attained in the absence of fetus breathing or movements. The Doppler waveforms were traced automatically and manually, and the PSV, S/D ratio, RI, and PI were determined and calculated.
The waveforms from the UA were obtained in a freemoving segment of the umbilical cord using an equivalent technique in alignment with the direction of the vessel. The angle of estimation of the UA should be zero as probable and less than 60°. The PSV, S/D ratio, RI, and PI were determined and were entered into the statistics, and the cerebroplacental ratios were calculated ( Table 2 , Fig. 1 ).
The number of pregnant females required to achieve the percentiles based on the collected data has been considered to be not less than 10 participants per gestational week.
Statistical methods
Multilevel modeling was used in order to calculate mean percentiles for the MCA Doppler PSV, S/D ratio, RI, and PI according to gestational age. To achieve normal distribution of outcome variables, the Box-Cox power transformation was used. Fractional polynomial regression models [15] were fitted to the data in order to construct mean curves for PSV, S/D ratio, RI, and PI according to gestational age. Multilevel model was used, where the first level was the variance between measurements within the same fetus and the second was the variance between the participating women. The choice of fixed and random components in the models was based on gain in likelihood. Statistical analysis was proficient using MedCalc© version 15 (MedCalc© Software, Ostend, Belgium).
The methodology used to model the reference intervals for Doppler parameters on gestational age is based on the methods described by Altman and Chitty [16] , Wright and Royston [17] , and Altman and Chitty [18] . The statistical technique includes the following phases: If the distribution of the estimations (the variable for which to create a reference interval) shows skewness at diverse stages of gestational age, the estimations are analyzed employing a Box-Cox power transformation. The transformed measurements are modeled on gestational age using weighted polynomial regression (Altman and Chitty [18, 19] ). This regression model gives the mean of the (transformed) measurements as a function of gestational age: mean (gestational age).
The residuals of this regression model are calculated. The absolute residuals, multiplied by ffiffiffiffiffiffiffiffi ffi π = 2 p are modeled on gestational age using weighted polynomial regression (Altman [13] ). This second regression model gives the standard deviation of the (transformed) measurements as a function of gestational age: SD (gestational age) ( Table 3 , Fig. 2 ).
For every gestational age in the observed range, the reference interval is calculated by taking mean (gestational age) ± z × SD (gestational age). For a 95% reference interval, z = 1.96. The resulting values are then back changed to their original scale. Based on 1284 observations (428 singleton pregnancies), new longitudinal reference ranges for fetal middle cerebral PSV, S/D ratio, RI, and PI provided terms for calculating conditional reference intervals (anticipating expected 95% confidence intervals based on a prior estimations), and consistently for the cerebroplacental ratio were presented.
The reference angles were at some variance and compared with those of previous cross-sectional studies. The (Fig. 6) .
Results
In the current study, 1284 observations of the MCA and UA velocity as well as MCA to UA velocity ratio observations were obtained. The UA PI declined linearly from mean 1.18 at 21 weeks to 0.81 at 39 weeks. MCA velocities were amplified throughout the second half of pregnancy. The PSV increased not as much during the last 10 weeks of pregnancy. The cerebroplacental percentage enlarged from mean 1.07 at 21 weeks of pregnancy to a peak 1.26 at 33 weeks.
Characteristics of the study population are presented in Table 1 where maternal age ranges from 16 to 42 years old with median age 30 years old, FHR ranges from 120 to 165 bpm with median 142 bpm, EFW ranges from 42 to 3481 g with median weight 1761.5 g, placental grade ranges from grade I to III, and placental thickness was from 1.0 to 4.2 cm. In the present study, the number of pregnant females examined at each week was at least 9 with a maximum of 49 females (Table 4 , Fig. 3 ).
Discussion
In the current study, MCA values demonstrated a parabolic pattern, but the UA values showed a linear decrease with increasing gestational age. In their findings, Umarwal and Kumar [20] demonstrated increase in MCA Doppler values till 33-35 weeks and then a decline till 40 weeks of gestation. The MCA Doppler displayed a parabolic curve and was equivalent to Bahlmann et al.'s study [21] .
Some studies displayed that MCA blood flow abnormalities were associated with hypoxia adverse perinatal outcome and suboptimal neurodevelopment; thus, its appraisal by pulsed Doppler is standard for antenatal care of pregnancy at risk such as those supposed to be affected by growth restriction, multiple gestation, hypertension during pregnancy, parvovirus B19 infection fetal anemia, Rh immunization, fetal hydrops, suspected fetal anomalies, and large chorioangioma [22] [23] [24] .
Modern work has recommended that the proportion of MCA PI to UA PI, the cerebroplacental ratio (CPR), is a self-reliant indicator of fetal compromise [25] , Cesarean section [26] , and poor perinatal outcome [5, [27] [28] [29] . Subsequently, UA and MCA Doppler indices and CPR are now utilized to adjust the planning of antepartum surveillance and, in few proportions of patients, to judge the date of delivery for the compromised fetus [25] .
MCA PSV expects and assists in treatment of fetal compromise. The relationship between abnormal MCA flow velocity and fetal anemia has been formerly established by means of the peak systolic velocity. The PSV in the middle cerebral artery decays when the fetal hematocrit upsurges. The monitoring of fetus at risk typically necessitates consecutive Doppler assessment, including the MCA [30] [31] [32] . The multiples of median (MOM) derived in Umarwal and Kumar's [20] study and in the study by Akolekar et al. [10] were similar (5th, 50th, and 95th centile of MCA PI was 0.7, 1.0, and 1.23, respectively, compared to 0.8, 1.0, and 1.3 in the present study).
The use of such standards depends on suitable reference ranges; however, while several cross-sectional reference ranges are now in use [31] , these are less suitable for serial observations because the appropriate reference ranges for consecutive measurements necessitate longitudinal statistics [15] (Fig. 7) .
According to Dunn et al. [33] , there is a strong association between CPR and the adverse obstetric and perinatal outcomes. The CPR can depict the redistribution of blood flow by two probable mechanisms. "Forced centralization" that may be experienced with increased placental blood flow resistance as well as diminishing cerebral blood flow resistance due to "brain sparing" can both affect the CPR [34, 35] .
The CPR ratio has increasingly been incorporated in the surveillance of the fetus at risk by repeating the assessment at intervals. For serial assessments, the reference ranges should be based on studies with a longitudinal design [15, 36] .
In the present study, longitudinal reference ranges with percentile charts were constructed for the cerebroplacental ratio through serial measurements for the PSV, RI, S/D ratio, and PI of the UA and MCA in relation to the gestational age. In real terms, this means that the predictable 50th percentile and equivalent ranges can be adjusted according to the earlier reflection. The reference ranges Fig. 4 ).
The current study results demonstrate that the increase in velocity is blunted after 36 weeks of gestation and probably reflects a physiological reduction of vascular impedance.
MCA-PSV median slope has been demonstrated as an excellent tool for identifying fetal anemia and, therefore, Doppler ultrasonography could be applied in monitoring pregnancies at risk for fetal anemia [39] . The study by Kurmanavicius et al. [32] on MCA PSV had insufficient explanations for the last weeks of pregnancy, while Bahlmann et al. [31] had few notes in the early weeks and excluded fetuses with abnormal biometric parameters.
The fluctuation of velocities and indices has been displayed to be greater and the PI higher in the distal segment in comparison with the proximal third of the MCA. Consequently, procedure standardization was done to obtain the best accurate observations, so the estimated Doppler velocities were registered at the origin of the vessel at the circle of Willis, and an insonation allied accurately along the vessel was achieved.
In contrast of this study baseline value MCA PI curve with those issued by Ebbing et al. [40] , it was determined that reference limits during 19 to 41 weeks found that reference curve for the PI was characterized by a parabolic pattern (21 weeks, 1.6; 30 week, 2.2; 39 weeks, 1.5), in comparison with the current reference MCA PI curve with those published by Tarzamni et al. [37] that result to 20 weeks, 1.72; 28 weeks, 2.05; and 40 weeks, 1.23 and in comparison with the current reference MCA PI curve with those published by Parra-Cordero et al. [40] that result to 21 weeks, 2.01; 30 weeks, 2.21; and 40 weeks, 1.14; the difference with this result is due to small sample (number of measurement is 160), while in the current results (at 20 weeks, 1.54; at 21 weeks, 1.56; at 28 weeks, 1.57; at 30 weeks, 1.57; at 39 weeks, 1.37; and at 40 weeks, 1.34), it was determined that reference limits during 24 to 40 weeks were lower about 0.01-0.09 for the current estimations.
Bahlmann et al. [31] found that reference curve for the RI was represented by a parabolic pattern (at 18 weeks, 0.68; at 28 weeks, 0.8; and at 42 weeks, 0.61), and the result published by Kurmanavicius et al. [32] was at 24 weeks, 0.87; at 30 weeks, 0.9; and at 40 weeks, 0.76, while the existing results were at 18 weeks, 0.76; at 24 weeks, 0.79; at 28 weeks, 0.8; at 30 weeks, 0.77; and at 40 weeks, 0.67.
The conclusion from the current study results was in close relation with Bahlmann et al.'s [31] findings, Rujiwetpongstorn et al. [41] , and Parra-Cordero et al.'s [40] nomograms for MCA RI during 11-20 weeks which demonstrated diminishing shape without parabolic pattern. In the current study, MCA S/D ratio nomogram had a parabolic pattern similar to that of Tarzamni et al. [37] (at 20 weeks, 5.34; at 30 weeks, 7.13; and at 40 weeks, 3.16), but lower from the existing study results (at 20 weeks, 4.89; at 28 weeks, 4.81; at 30 weeks, 4.95; and at 40 weeks, 3.6) ( Fig. 5 ).
In this way, it has been stated that qualitative changes in UA Doppler, such as the presence, absence, or reversal of end-diastolic velocity, obviously demonstrates an extra hazard of fetal demise [42] . In any case, the affiliation between quantitative changes in UA and MCA Doppler, as measured utilizing PI, and perinatal and long-term results has not been clearly reputable [43, 44] .
In comparison of the present reference UA PI curve with those published by Chanprapaph et al. [45] , it was demonstrated that a pattern for RI with some difference in ranges was determined (at 21 weeks, 1.27; at 30 weeks, 1.38; and at 40 weeks, 0.9).
The current study results regarding PI estimates relatively vary from Parra-Cordero et al.'s [40] results (at 23 weeks, 1.25; at 30 weeks, 1.01; and at 40 weeks, 0.74); the difference with this result is due to small sample (number of measurement is 172) while the present study estimations were (at 21 weeks, 0.92; at 23 weeks, 1.17; at 30 weeks, 1.03; and at 40 weeks, 0.82).
In comparison of the current reference UA RI evaluations with Chanprapaph et al.'s [45] publication, the present study demonstrated a pattern for RI with some difference in ranges which was determined to be close to it (21 weeks, 0.76; 30 weeks, 0.65; and 40 weeks, 0.61) [45] results, it demonstrated a pattern for S/D ratio with some difference in ranges (at 21 weeks, 3.56; at 30 weeks, 3.06; at 40 weeks, 2.5), while in the present study (at 21 weeks, 3.95; at 30 weeks, 3.00; at 40 weeks, 2.18), this is due to difference in sample size that was 332 normal singleton pregnant women in reference which was published by Chanprapaph et al. [45] .
Because the MCA/UA ratio interrogated data obtained at placental status but also on fetal response, it is actually more beneficial in predicting perinatal conclusion. Doppler data uniting both umbilical and cerebral velocity estimations provide extra information on fetal significances of the placental flow abnormality [46] . Depending on previous calculations, the MCA/UA PI index offers better information in expecting perinatal consequence when compared with umbilical or middle cerebral artery Doppler indices alone [47, 48] .
The current CPR PI reference standards were correlated with Baschat Clarifications for these divergences were due to difference in sample size, sonologist experience and utilization of diverse statistical methods, and curve analysis model. Little observations [47] and unlike location of MCA recording (i.e., distal segment of the vessel [48] instead of the proximal site) may have contributed to the discrepancy between curves. The difference in design and analysis was also expected to cause visible variances [49] [50] [51] .
Strength points of the present study were that the exact estimation of gestational age is an essential prerequisite for generating any fetal standard [52] . The present study used dating either by LMP corroborated by BPD, HC, AC, and FL. It is cross-sectional study design. It has been observed that the longitudinal studies require more complex statistical calculations and are also liable to have observer bias. In great numbers of observations, each case was examined at least three times and the study was based on a population that had no pregnancy risk nor complications, and surely, the current study reference ranges are reliable and could be applicable in the general population. Both the median and variance ought to be displayed as a function of gestational age in a way that accounts for the expanding variability with gestation and affords smooth centile curves; goodness of fit testing ought to illustrate that these curves depict precisely the structure of the raw information [53] . The present study created scattered diagram curves of gestational age individual measurements and calculated CPR reference ranges for MCA/UA PSV, S/D ratio, RI, and PI in 1284 observations with 1st-99th percentiles, and 50th percentiles clearly demonstrate our tabulated raw data.
Another strength of the study was that any cases with fetal growth restriction or other adverse outcome were excluded. Yet a considerably larger study population would be needed to cover the period of 40-42 weeks of gestation adequately, serial examinations but this seems to be practically challenging as the sonologist are referral observers and also a substantial proportion of the included women in the study delivered before serial estimation follow-up could be ended.
Three quarters of the published references were performed by one sonographer. Multisonographer observations increase external efficacy and data reliability [53] . The current study was performed by 3 radiologists with long term experience 5-25 years in feto-maternal Doppler ultrasonography (Fig. 7) .
Furthermore, the current study is not powered to depict a correlation between abnormal CPR and adverse perinatal outcome. Hence, a prospective antepartum fetal care Doppler ultrasound studies are necessary to delineate the role of CPR as pregnancy outcome predictor for fetal compromise.
Conclusions
In conclusion, UA velocities giving first impression to fetal compromise and MCA/UA velocities are a powerful 
